Abstract Genetic diversity of European freshwater pearl mussel, Margaritifera margaritifera (L.), appears exceptional with highest genetic variability found in the northernmost European populations of Scandinavia and lower genetic variability in central and southern Europe. The objective of this study was to investigate genetic diversity and differentiation of 14 southernmost populations on the Iberian Peninsula which greatly differ in terms of life span and habitat conditions from the rest of central and northern European populations. The analyses of ten microsatellite loci revealed a pronounced level of genetic divergence and very low genetic diversity. These results match the expectations of geographically peripheral populations with respect to their genetic composition. The life history strategy, the narrow ecological niche of the species, and anthropogenic habitat modifications have most likely shaped the genetic pattern of Iberian pearl mussel populations. The peripheral position with less optimal habitat conditions may increase the extinction risk of these populations and thus effective conservation strategies for the Iberian M. margaritifera are needed. The successful conservation of the species at its southwestern margin requires inclusion of genetically different conservation units which may reveal local adaptation.
Introduction
Freshwater bivalve molluscs are among the most imperilled animal groups on the planet (e.g. Bogan 1993; Lydeard et al. 2004; Strayer et al. 2004; Geist 2010; LopesLima et al. 2016) . Mollusc populations are declining dramatically due to damage or destruction of their habitats, where they play an important role as bioindicators (Geist and Auerswald 2007) . Their decline, in turn, may alter ecosystem functioning in streams (Bogan 1993; Vaughn and Taylor 1999; Vaughn and Hakenkamp 2001; Boeker et al. 2016) . The specific factors causing the depletion of freshwater bivalve populations are pollution, degradation of habitats and the decline of host fishes, which are needed for larval development during the encystment stage (Bauer 1994; Young et al. 2001; Geist et al. 2006; Geist and Kuehn 2008; Varandas et al. 2013; Denic et al. 2015) .
The freshwater pearl mussel Margaritifera margaritifera (Linnaeus, 1758) is one of the two members of the family Margaritiferidae which can be found in Europe (Lopes-Lima et al. 2016) . The widely distributed but highly threatened (Araujo et al. 2009 ) species is listed as ''endangered'' in the IUCN Red List and protected by the Habitats Directive (Appendix II, Appendix V) and the Bern Convention (Appendix III) (Araujo and Ramos 2001) . With only a few exceptions, pearl mussels are exclusively found in rivers and streams which are extremely low in lime and nutrients (Geist 2010) . Suitable host fishes for M. margaritifera are only salmonids (Salmo salar and Salmo trutta f. fario) (Bauer 1987; Geist et al. 2006; Wächtler et al. 2001) . The range of the Holarctic species extends from the Arctic and temperate regions of western Russia, westwards through Europe to the northeastern seaboard of North America (Araujo and Ramos 2001) . The Iberian populations of M. margaritifera can be considered peripheral since they occur at the southwestern margin of the European distribution of the species (Bauer 1986; Sousa et al. 2013 ) and probably are close to their physiological limits due to their unique phenotypic characteristics. Individuals of these populations differ greatly from those of the rest of central and northern European populations since Iberian pearl mussels have the shortest life span, the smallest maximum shell length and the highest growth rates known for M. margaritifera (San Miguel et al. 2004) .
Due to strong population declines and its roles as indicator, flagship, umbrella and keystone species, the freshwater pearl mussel has become an important target species for conservation (Geist 2010 (Geist , 2015 . The management for this species can greatly benefit from genetic studies since investigations into the extent and organisation of genetic diversity in populations are a powerful tool to suggest sustainable conservation strategies. Up to now genetic studies on pearl mussels were implemented throughout Europe with a focus on northern and central European populations (e.g. Geist et al. 2003 Geist et al. , 2010 Geist and Kuehn 2005, 2008; Karlsson et al. 2014 ) but also in southern peripheral regions of the Iberian Peninsula (e.g. Machordom et al. 2003; Bouza et al. 2007 ). Based on mitochondrial sequences, two closely related lineages have been identified in M. margaritifera: a northern lineage extending from Ireland to the Kola Peninsula, and a second cluster distributed from Ireland to the Iberian Peninsula (Machordom et al. 2003) . In contrast to mitochondrial variability, analyses of high resolution genetic markers (microsatellites) revealed high degrees of population structure and very different levels of genetic diversity among European populations (Geist et al. 2003 (Geist et al. , 2010 Geist and Kuehn 2005, 2008; Bouza et al. 2007) . Genetic variability appears to be the highest in the north of the species distribution range which can be explained by the species life history strategy and by the lesser extent of habitat destruction in these areas (Geist et al. 2010) . In contrast, in southern and central Europe, much lower levels of genetic diversity of pearl mussel populations was observed, even within small geographical scales (Geist and Kuehn 2005, 2008; Bouza et al. 2007 ). Bouza et al. (2007) compared levels and patterns of genetic variation in six different basins of northwestern Spain. They discovered extremely low genetic variation within populations and a high genetic differentiation among populations, possibly caused by anthropogenic habitat perturbation, the life cycle characteristics of this species (high reproductive success of few parents) and the peripheral status of the investigated populations ). The fact that peripheral populations are considered to have low genetic variation due to interwoven effects of isolation, genetic drift, and natural selection (Lesica and Allendorf 1995) resulting in an increased extinction risk (Cassel-Lundhagen et al. 2009 ) may have important implications in the context of conservation of a species. However, the study of Bouza et al. (2007) only focused on seven northwestern populations from six drainages. Therefore, Bouza et al. (2007) suggested to gather more detailed information of genetic diversity between and among Iberian pearl mussel populations in order to support strategies for conservation and management. Recently several new pearl mussel populations were discovered in Portugal and Spain (Velasco et al. 2006; Lois et al. 2014 Lois et al. , 2015 Sousa et al. 2013 Sousa et al. , 2015 Varandas et al. 2013 ) underlining the urgent need for genetic information on Iberian populations in future conservation initiatives.
The aim of this study was to expand existing knowledge of the genetic diversity and differentiation patterns of Iberian M. margaritifera populations using microsatellites. This information will be essential for designing upcoming management and conservation programs for the species.
Materials and methods
Study design, sample collection and DNA extraction Tissue samples were obtained from 273 individuals from 14 different populations found across the distribution area of the species on the Iberian Peninsula ( Fig. 1 Bouza et al. (2007) , as well as populations from the Ouro, Landro and Mayor rivers (independent drainages), the Deza River (Ulla drainage), the Bibey River (Miño drainage), the Negro, Á gueda, Tuela and Rabaçal rivers (Duero basin), and the Alberche River (Tagus basin). The distance between the two sample sites of Landro and of Á gueda (Table 1) was 3 and 2 km, respectively. Information on the conservation status of these populations can be found in Velasco et al. (2002 Velasco et al. ( , 2006 , Lois et al. (2014) , Morales and Lizana (2014) and Sousa et al. (2015) . Two populations from central Europe were also analysed as outgroups. Sampling locations were selected based on known presence of the species. Tissue samples were obtained without the need to sacrifice or damage the mussels which resulted in no detrimental effects nor increased mortality of the populations. A small piece of each mussel's foot was dissected and the specimens were then immediately placed back to the river bottom. Foot samples were stored in absolute ethanol until processing in the laboratory. For statistical analysis the river was considered as study unit (population), although different localities of the same river were sampled to obtain a sufficiently large number of specimens.
Genomic DNA was extracted from tissue samples using the standard phenol/chloroform method (Sambrook et al. 1989) , with slight modifications. Tissue lysis was performed in 600 ll of lysis buffer (TRIS 20 mM pH 8.0, EDTA 5 mM pH 8.0, 400 mM NaCl and SDS 1 %) and 25 ll of proteinase K (10 mg/ml in TRIS 50 mM pH 8.0, calcium acetate 1.5 mM). Digestion was performed at 55°C overnight. In a first step 600 ll of phenol was added to the sample. After centrifugation, the supernatant was washed with 300 ll of phenol and 300 ll of chloroform/ isoamyl alcohol (24:1). The final wash was performed using 600 ll chloroform, following a precipitation step using cold isopropanol and 70 % ethanol. The extracted DNA was preserved in TRIS buffer (Tris 5 mM, pH 8.5) and stored at 55°C overnight to ensure optimal resuspension. These samples were then stored at -20°C for subsequent analyses.
Microsatellite analyses
Ten microsatellites (MarMa1632, MarMa3050, MarMa3621, MarMa4143, MarMa4277, MarMa4322, MarMa4726, MarMa4859, MarMa5167 and MarMa5280) were amplified using primers previously published by Geist et al. (2003) and Geist and Kuehn (2005) . In order to compare our results to those of the formerly implemented study focussing on Iberian pearl mussel, we included almost all markers that Bouza et al. (2007) used with the exception of marker MarMa4315 which was found to be monomorphic in a pre-screening (genotyping) using several samples from different populations. Polymerase chain reactions were carried out in a final volume of 12.5 ll containing 3 ll of genomic DNA, 200 nM of each primer, 0.2 mM of dNTP mix, 19 PCR buffer (109 with 2 mM MgCl2) and 1U of Taq DNA polymerase (Qbiogene, CA, USA). DNA amplification was performed under the following conditions: 94°C for 4 min, 35 cycles of 94°C for 30 s, 52-55°C for 30 s, 72°C for 30 s and a final extension of 72°C for 3 min. The forward primers were fluorescently end-labelled with VIC, NED, PET and 6-FAM. Fluorescently labelled PCR products were genotyped in an ABI 3730 Genetic Analyzer (Applied Biosystems, CA, USA) with the GENESCAN-500 (LIZ) internal size standard to determine fragment sizes prior to being scored using GeneMapper Software v 4.0 (Applied Biosystems).
Data analysis
Allele frequencies, average allele numbers per locus (A), expected and observed heterozygosities (H E , H O ) and pairwise F ST (Weir and Cockerham 1984) values were calculated with GENEPOP 4.0 (Rousset 2008) . The same software was used to test the loci for genotypic disequilibrium, to test for significant population differentiation among all pairs of populations using 100,000 iterations and 1000 dememorisation steps (Raymond and Rousset 1995) , and to test each locus in each population for conformance with Hardy-Weinberg (HW) expectations. Values of F IS and allelic richness (A R ) as a standardized measure of the number of alleles corrected by the sample size were calculated with FSTAT v. 2.9.3 (Goudet 2001 ). Alleles were deemed as private alleles if they showed a frequency of more than 5 % in one population and did not occur in any other population. In some scenarios (e.g. very high genetic diversity) assumptions of the population genetic structure based on F ST may be misleading. For that reason Jost's measure of estimated differentiation (D EST ) (Jost 2008) was calculated using GenAlEx v. 6.5 (Peakall and Smouse 2012). The program MICRO-CHECKER v.2.2.3 (van Oosterhout et al. 2004 ) was used to check the data for genotyping errors and the presence of null alleles. The impact of null alleles on genetic differentiation of populations was evaluated with the software FREENA (Chapuis and Estoup 2007) by comparing F ST estimates before and after correction for null alleles. Populations were tested for recent reduction of their effective population size with the program BOTTLENECK (Piry et al. 1999 ). The Wilcoxon sign-rank test for assessing the significance of heterozygote excess was applied under three different models, the infinite allele model (IAM), the stepwise mutation model (SMM) and the two-phase model (TPM), following the recommendations of Piry et al. (1999) .
The genetic divergence based on Nei's D A genetic distance (Nei 1983 ) between each pair of population based on allele frequencies was calculated using the DISPAN computer program (Ota 1993) (Table 1 in online supplementary material). The resulting distance matrix was used to construct a neighbour-joining (NJ) phenogram in MEGA v. 6 (Tamura et al. 2013) . Bootstrap analysis was performed with the software DISPAN (Ota 1993) . Correlation between pairwise values of differentiation (F ST ) and geographic distance was assessed with a Mantel implemented in FSTAT v. 2.9.3 (Goudet 2001) .
The analysis of molecular variance (AMOVA; Excoffier et al. 1992 ) was carried out with ARLEQUIN v. 3.1 (Excoffier et al. 2005) .
Relatedness between individuals was estimated based on the F value from the 2MOD program (Ciofi and Bruford 1999) which refers to the probability that two genes share a common ancestor within a population and correlates with effective population sizes.
To visualize the genetic structuring between populations within a species, a discriminant analysis of principal components (DAPC) (Jombart et al. 2010 ) was performed using the ADEGENET v. 1.3-5 (Jombart and Ahmed 2011) package in the R platform v. 2.15.2 (R Core Team 2012). DAPC overlooks the within group variation and summarizes the amount of between group variation, making this method superior for assessing relationships between populations (Jombart et al. 2010) .
Results

Linkage and Hardy-Weinberg equilibrium
The test for genotypic disequilibrium for each pair of the nine polymorphic microsatellite loci over all populations gave one significant value (P \ 0.05 between MarMa4277 and MarMa4859) for 45 comparisons. After Bonferroni correction for multiple tests, none of the combinations remained significant at the experimental level (P \ 0.0011). When each population was tested separately, a linkage equilibrium between all pairs of loci was generally observed, with only few exceptions: eight significant values were found but different loci were involved in these cases. Generally, this test implies that the genotypes of the loci used in this study segregated independently.
Seven populations out of 16 displayed significant deviations from the expected HW proportions after applying sequential Bonferroni correction (see Table 2 ). These deviations were not systematic and occurred at different loci (MarMa3621, MarMa4277, MarMa5176 and MarMa4859).
Genetic diversity
Compared to the Elbe populations from central Europe (outgroup), the Iberian populations of M. margaritifera showed low values of genetic diversity (Table 2 ). An average of 1.9 alleles (A) (standard deviation SD = 1.2) was observed for the ten microsatellite loci applied in this study (Elbe: A = 4.3; SD = 2.2). The number of alleles per locus ranged from one at loci MarMa5280 to a maximum of 15 alleles at locus MarMa4859. Allelic variation, expressed by the average number of alleles per locus (A) and allelic richness (A R ) were between 1.7 (A: Tagus) and 1.9 (A: Northwestern and Duero), and between 1.5 (A R : Duero) and 1.6 (A R : Northwestern and Tagus). The lowest observed values for allelic diversity among Iberian populations (A = 1.2; A R = 1.2) were found in the Arnego and Bibey (ARN and BIB) populations from the Northwestern drainage system, whereas the highest values for allelic richness and for average number of alleles per locus were detected in the populations Ouro (A = 3.0; A R = 2.3) and Tambre (A = 2.5; A R = 2.1). The expected heterozygosity (H E ) per population was between 0.045 for Rabaçal (RAB) and 0.280 for OUR, and the observed heterozygosity (H O ) ranged between 0.052 for RAB and 0.219 for OUR (Table 2) , with the average H E being 0.109 and the average H O being 0.159. Four private alleles occurred at two different loci in one Iberian population (OUR) and showed frequencies ranging from 9.38 % up to 26.92 % in locus MarMa4143 and MarMa4859 (Tables 2, 3 in online supplementary material). The proportion of common ancestors within each Iberian population as inferred from the F values of the 2MOD program covered an extreme range from F = 0.281 in OUR to F = 0.828 and 0.840 in ARN and BIB, respectively (Elbe: F = 0.240 and 0.253). MICRO-CHECKER did not detect any genotyping errors among the dataset but revealed signs of possible null alleles at the loci MarMa3621, MarMa4277 and MarMa4859 in the populations EO (MarMa3621 and MarMa4277), OUR (MarMA4859), MAY (MarMA4859), TAM (MarMa3621) and TUE (MarMa3621 and MarMa4277). However, the possible null alleles had no or negligible impact on genetic differentiation of populations (Tables 4, 5 in online supplementary material). Consequently the data set was not corrected for null alleles for subsequent analyses. The Wilcoxon sign-rank test (P \ 0.05) revealed evidence for recent bottlenecks in three (IAM), four (TPM) and five (SMM) Iberian mussel populations ( Table 2) . Three of the populations had less than four polymorphic microsatellite loci and could therefore not be tested.
Genetic differentiation between populations
Based on F ST values the microsatellite markers applied in this study revealed a high degree of genetic differentiation among Iberian populations and between Iberian and Elbe M. margaritifera populations (overall average F ST value of 0.486 (SD = 0.139) and an average F ST value of 0.489 (SD = 0.146) within the Iberian Peninsula) (Table 3) Table 3 ). The Mantel test found no significant correlation between geographic (measured along waterways) and genetic differentiation of populations (F ST r 2 = 0.040, P = 0.187; D EST r 2 = 0.067, P = 0.276). AMOVA revealed that 23.0 % of the variation was distributed among individuals within populations and 54.5 % among populations.
The NJ phenogram depicting the underlying structure of the Nei D A distance matrix illustrates the degree of genetic differentiation between the Iberian populations, and revealed that the observed genetic structure does not necessarily match with drainage systems (Fig. 2) . Populations of Duero, Northwestern and Tagus basin cluster in several groups which were to some extent independent from the basin they belong to [AGU (Duero), ARN and MAY from Northwestern basin]. The groups were partially separated with long branch lengths, supported by moderate to high bootstrap values (e.g. AGU, ARN and NEG, TUE).
The result of the DAPC analysis is shown in Fig. 1 . The color of each population, represented by a dot, corresponds to the results of principal components, which are recoded in color channels of the RGB system. According to the colors formed by the DAPC procedure, the populations of the Duero basin belong to three genetic cluster with similar colors: (i) Tuela (TUE) and Negro (NEG); (ii) Rabaçal (RAB) and (iii) Á gueda (AGU). The three populations 
Discussion
Population structure/genetic diversity
In line with our expectation, genetic diversity of Iberian populations as measured by mean number of alleles, allelic richness, observed and expected heterozygosities and Fvalues was considerably lower than in populations from central and northern Europe (Geist and Kuehn 2005, 2008; Geist et al. 2010; Karlsson et al. 2014) , but similar to those in the north-western basin of the Iberian Peninsula formerly observed by Bouza et al. (2007) . Observed and expected heterozygosities were down to one fourth of those in central and northern European populations. This pattern is also reflected in the probability of common ancestors (2MOD). Multiple factors may have attributed to the low genetic diversity in Iberian pearl mussel populations. Recent studies indicated that in Iberian rivers (e.g. Eo and Arnego) mussel densities and the total number of individuals per stream are comparable to those found in large populations in northern Europe (Lois et al. 2014; Sousa et al. 2015) . However, many of those southern rivers are severed by dams limiting the movement of host fish, possibly resulting in low rates of gene flow between mussel habitats (Lois et al. 2014) . Furthermore the life span of Iberian pearl mussels is the shortest known for M. margaritifera (San Miguel et al. 2004 ). This decreases the chances of contribution of individual parent mussels to the next generation tremendously, resulting in increased genetic drift. In addition, some of the southernmost rivers where the species occurs are more likely to have extremely low water levels at times which can result in population bottlenecks as the corresponding tests pointed, for instance, for the EO and NEG populations. All these factors together increase genetic drift and lead to low levels of genetic variation (Cohan 1984; Lesica and Allendorf 1995) .
The genetic pattern of pearl mussel populations found in this study may be also explained by further factors as also postulated by Bouza et al. (2007) . Anthropogenic impact like habitat alteration, and water pollution effects have driven many pearl mussels populations to extinction or left small fragmented remnant and patchy populations (Geist 2010; Santos et al. 2015) , which likely increases the effects of genetic drift and an accelerated loss of genetic diversity (Frankham 1996; Montgomery et al. 2000; Frankham et al. 2002) . Moreover freshwater pearl mussels have separate sexes but the sex-determination system of these bivalves can vary depending on population density, since females were observed to become hermaphrodites at low population sizes (Bauer 1987) . This reproduction system promotes inbreeding, resulting in loss of genetic variability.
Genetic differentiation
A pronounced genetic divergence (F ST and D EST ) overall Iberian pearl mussel populations was observed (e.g. between Bibey and Rabaçal: F ST = 0.839; D EST = 0.296 and between Á gueda and Rabaçal: F ST = 0.815; D EST = 0.379). Due to the extremely low genetic diversity found in most of all populations, the differentiation pattern based on F ST values may be overestimated. This is also reflected by Josts's distance which measures the fraction of allelic variation among populations. Nevertheless, a distinct genetic differentiation was indicated by estimates of D EST , Nei D A , as well as the results of the DAPC. The pattern did not correlate with the drainage systems and the (Nei et al. 1983 ) genetic distance for Iberian freshwater pearl mussel populations. Numbers indicate nodes with bootstrap support of more than 50 % for 1000 replications genetic differentiation was not consistent with the isolation-by-distance model. This result is in line with observations of previously implemented studies on the genetic structure of pearl mussels in northern and southern Europe (e.g. Bouza et al. 2007; Geist et al. 2010) .
Thus, the genetic differentiation in the Iberian M. margaritifera populations may be explained by other factors. Habitat conditions, i.e. physicochemical characteristics of the stream substratum (Geist and Auerswald 2007) , which are likely to be a main limiting factor in peripheral populations , can determine the extent of ecological isolation and contribute to differentiation among populations through natural selection and different selective pressures (Cohan 1984; Lesica and Allendorf 1995) . The dependence of pearl mussel migration on passive glochidial transport via host fish and thus the mobility of the host fish strongly influence the genetic structure of this bivalve Geist and Kuehn 2008) . Additionally, the genetic structure of the host fish population probably contributes to genetic differentiation of M. margaritifera due to reduced infestation success of glochidia in genetically eroded host fish populations ). Since female mussels can switch to hermaphrodites (Bauer 1987) , the reproductive strategy likely increases genetic founder/drift effects resulting in elevated levels of inter-population genetic divergence. Finally, anthropogenic factors which directly reduce the effective population sizes can enhance genetic drift effects and thus promote genetic differentiation (Geist and Kuehn 2008) .
In conclusion, no simple explanation exists for the observed patterns of genetic diversity and differentiation of M. margaritifera. Life history strategy, narrow ecological niche of the species, historical or physical isolation among drainages, as well as anthropogenic habitat modifications likely all have contributed to the population genetic structure of this endangered bivalve on the Iberian Peninsula.
Conservation and management implications
Peripheral populations at the margin of a species' range play an important role as evolutionary hotspots (Levin 1970; Lesica and Allendorf 1995) . Suboptimal habitat conditions and isolation may considerably increase genetic drift effects and lead to speciation. This makes these populations valuable in the context of biodiversity (Lesica and Allendorf 1995; Channell and Lomolino 2000) and increase the evolutionary potential of the species. However, the peripheral position may limit the evolvability of these populations and increase their extinction risk due to the reduced potential to adapt to the environment because of low levels of genetic variation and less optimal habitat conditions (Kirkpatrick and Barton 1997; Gilchrist et al. 2000; Bridle and Vines 2007) . These facts highlight the necessity of effective conservation strategies for the Iberian M. margaritifera populations, including e.g. the installation of breeding programs (e.g. Gum et al. 2011; Thomas et al. 2012; Wilson et al. 2012 ) on a genetic basis and the restoration of functional stream beds (Geist 2010 (Geist , 2015 Varandas et al. 2013; Santos et al. 2015; Sousa et al. 2015) . This might be particularly important in the light of climate change that is likely to exert additional stress on mussel populations on the Iberian Peninsula and elsewhere (Santos et al. 2015; Lopes-Lima et al. 2016) . From a conservation genetics viewpoint, both the genetically most differentiated and diverse populations deserve greatest attention. The inclusion of recently discovered populations (e.g. Sousa et al. 2013; Varandas et al. 2013; Lois et al. 2014) into population genetic studies could facilitate more robust definitions of conservation units and contribute to the successful management of the species at its southwestern margin, which should be integrated into range-niche conservation concepts of this endangered species. In any case, in light of the low genetic diversity of the species on its southern edge, the most diverse populations OUR and TAM are of main importance. Among the Iberian pearl mussel studied populations, the genetically most distinct populations RAB, NEG and TUE should be also considered as a conservation priority. Interestingly, these populations belong to the Duero basin and their great divergence between upstream and downstream river tributaries resembles that of two highly divergent lineages of Salmo trutta (Martínez et al. 2007 ), the main host fish populations of M. margaritifera in this basin.
